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ABSTRACT Pathogenic mycobacteria transport viru- 
lence factors across their complex cell wall via a type VII 
secretion system (T7SS) /early secreted antigenic target-6 
of kDa secretion system (ESX). ESX conserved compo- 
nent (Ecc) B, a core component of the T7SS architecture, 
is predicted to be a membrane bound protein, but little is 
known about its structure and function. Here, we charac- 
terize EccB1, showing that it is an ATPase with no se- 
quence or structural homology to other ATPases located 
in the cell envelope of Mycobacterium tuberculosis H37Rv. 
We obtained the crystal structure of an EccB1-AN72 
truncated transmembrane helix and performed modeling 
and ATP docking studies, showing that EccB1 likely exists 
as a hexamer. Sequence alignment and ATPase activity 
determination of EccB1 homologues indicated the pres- 
ence of 3 conserved motifs in the N- and C-terminals of 
EccB1-AN72 that assemble together between 2 membrane 
proximal domains of the EccB1-AN72 monomer. Models 
of the EccB1 hexamer show that 2 of the conserved motifs 
are involved in ATPase activity and form an ATP binding 
pocket located on the surface of 2 adjacent molecules. 
Our results suggest that EccB may act as the energy pro- 
vider in the transport of T7SS virulence factors and may 
be involved in the formation of a channel across the 
mycomembrane.—Zhang, X.-L., Li, D.-F., Fleming, J., 
Wang, L.-W., Zhou, Y., Wang, D.-C., Zhang, X.-E., Bi, L.-J. 
Core component EccB1 of the Mycobacterium tuberculosis 
type VII secretion system is a periplasmic ATPase. 
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Mycobacterium tuberculosis (MTB), the causative agent of 
tuberculosis, latently infects about one-third of the world’s 
population, and deaths from active tuberculosis disease 
reached 1.5 million in 2013 (1). The success of bacterial 
pathogens depends on special protein export systems that 
secrete virulence factors into the extracellular milieu or 
inject them directly into host cells (2). Seven types of 


Abbreviations: CFP-10, culture filtrate protein-10 kDa; Ecc, 
early secreted antigenic target-6 of kDa secretion system con- 
served component; ESX, early secreted antigenic target-6 of kDa 
secretion system; IM, inner membrane; MTB, Mycobacterium 
tuberculosis, T7SS, type VII secretion system 
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secretion system have been identified, with types I-VI be- 
ing distributed widely among gram-negative bacteria. As 
might be expected, MTB has a specialized secretion system 
due to its complex cell wall composition. The secretion 
system in MTB has been proposed as a novel ESAT-6 se- 
cretion system (ESX) or type VII secretion system (T7SS) 
(3, 4); however, its architecture and secretory mechanism 
are poorly understood. The T7SS can export ESX and 
PE-PPE family proteins, some of which contribute to viru- 
lence and granuloma formation, spread between cells, and 
escape from phagosomes (5-8). Understanding the T7SS 
will therefore be key to understanding mycobacterial 
pathogenesis, and should help to facilitate identification of 
novel drug targets and vaccine candidates (9, 10). 

The T7SS was first identified in MTB and was later found 
in other mycolata species and gram-positive bacteria (11). 
MTB contains 5 T7SS systems (ESX-1 to 5) likely derived 
from gene duplication events (12), but to date, only the 
ESX-1, ESX-3, and ESX-5 clusters have been shown ex- 
perimentally to encode functional secretory systems (13); 
the ESX-1 system has been shown to be involved in viru- 
lence (14), the ESX-3 system to be involved in iron acqui- 
sition (15), and the ESX-5 system to secrete PE and PPE 
proteins (16). These secretion systems share a number of 
highly conserved components [unified nomenclature: 
ESX-conserved component (Ecc) ], EccA-E and mycosin-1 
protease, and, with the exception of EccA, which is located 
in the cytoplasm, these components are all predicted to be 
membrane-bound proteins (17). Although the architec- 
ture of these systems is largely uninvestigated, EccB, 
EccC, EccD, and EccE in the ESX-5 secretion system of 
Mycobacterium marinum have been shown to form a large 
~1.5 MDa membrane complex (18). T7SS systems are 
proposed to share a common secretory mechanism; T7SS 
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substrates are recognized in the cytosol, targeted to the 
inner membrane (IM), and then transported across the 
mycobacterial cell envelope. The precise role of each 
T7SS component in the secretion mechanism requires 
further elucidation. 

The best-studied T7SS, the ESX-1 secretion system, is re- 
sponsible for the secretion of the important virulence fac- 
tors ESAT-6 and culture filtrate protein-10 kDa (CFP-10). 
It is a major virulence determinant in MTB and is related 
to mycobacterial survival inside the host (6). The vaccine 
strain Mycobacterium bovis BCG lacks the region of the 
genome encoding the ESX-1 system and is attenuated 
(19), and an orthologous ESX-1 system is present in the 
avirulent saprophyte Mycobacterium smegmatis, where it is 
reported to be involved in conjugation (20). Studies of 
ESX-1 suggest that substrates ESAT-6 and CFP-10 form 
a heterodimer and are targeted to EccC by a secretion 
signal located in the C-terminal of CFP-10, then delivered 
across the IM via channel protein EccD (21). EccC shows 
homology to VirD4, a core component of the type IV se- 
cretion system (T4SS) and has ATPase activity, leading to 
the suggestion that it provides energy for transporting 
substrates through the channel (22). EccD has 11 pre- 
dicted transmembrane domains and is highly hydropho- 
bic; it has therefore been hypothesized to constitute the 
membrane pore through which substrates are transported, 
but there is no formal evidence for this (6). Although the 
biochemical characteristics and high-resolution structures 
of some ESX-1 substrates such as CFP-10/ESAT-6 and 
PE/PPE (proteins rich in proline-glutamate and proline- 
proline-glutamate residues), and individual components 
such as EccA, ESX-1 secretion-associated protein G, and 
MycP, have been obtained, the ESX-1 core components, 
including the EccB, EccC, EccD, and EccE proteins of 
ESX-1, are poorly understood at the biochemical and 
structural level (13). 

EccB is present in all 5 ESX systems, and EccB1 has been 
shown to be essential for the secretion of virulence factors by 
the ESX-1 system (23). It is predicted to have a trans- 
membrane region (24), but its biochemical characteristics 
and structure are largely unknown. Here, we report the bio- 
chemical and structural characterization of MTB EccBl, 
showing that it is an ATPase that is located in the periplasmic 
space. We determine the structure of the periplasmic region 
of EccB1 and perform modeling and ATP docking studies. 
Together with ATPase activity analysis of EccB1 mutants, 
results from these studies suggest that periplasmic EccB1 is 
likely a hexameric ATPase that forms a substrate transport 
channel and that its mechanism of action is powered by ATP 
hydrolysis. This study provides the first biochemical and 
structural characterization of a conserved T7SS core com- 
ponent and increases our understanding of how T7SSs 
transport substrates across the complex mycobacterial cell 
envelope. 


MATERIALS AND METHODS 
Strains, media, and culture conditions 


MTB H37Rv strains were cultured at 37°C in Middlebrook 7H9 
broth (Difco Laboratories, Detroit, MI, USA) supplemented with 
0.5% glycerol, 10% albumin-dextrose-catalase and 0.05% Tween 80. 
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Cloning and mutagenesis 


EccB1 is encoded by gene Rv3869 in MTB and is predicted to 
contain an N-terminal transmembrane region (24). Here, we 
cloned the periplasmic region (residues 72-480), named EccB1- 
AN72, amplified by PCR from genomic DNA of the MTB H37Rv 
strain, into a modified pET-28a vector (pLW) encoding an 
N-terminal 6X His tag followed by a 3C protease cleavage site. The 
following truncations of EccB1: EccB1-AN106 (residues 106-480), 
EccB1-AC448 (residues 72-448) and EccB1-AC463 (residues 
72-463), and 2 homologues of EccBl from MTB H37Rv 
(M.ibEccB5-AN80; encoded by Rv1782, residues 80-506) and 
M. smegmatis MC?155 (MsEccB1-AN72; encoded by MSMEG_0060, 
residues 72-479) were also constructed and cloned into the 
above pLW vector. We also constructed site-directed mutants 
based on plasmid pLW-EccB1-AN72 using Pyrobest DNA poly- 
merase (TaKaRa, Beijing, China). Constructs with mutations at 
residues 150 and 102 were named C150S and R102A, re- 
spectively. All primers are listed in Supplemental Table 1 and all 
constructs were verified by sequencing. 


Recombinant protein production 


Plasmids were expressed in the Escherichia coi BL21 (DE3) strain and 
purified following procedures described previously (25) with minor 
modifications. Cells were cultured to an OD 600 value of 0.8 in 
standard LB medium at 37°C and were then induced with 0.4 mM 
isopropyl B-D-1-thiogalactopyranoside for 16 h at 16°C. Cells were 
harvested by centrifugation and resuspended in lysis buffer con- 
taining 20 mM Tris pH 8.0, 500 mM NaCl, and 20 mM imidazole. 
The resuspended cells were lysed by sonication in lysis buffer fol- 
lowed by high-speed centrifugation. Supernatants were applied to 
Ni” -affinity resin (Chelating Sepharose Fast Flow, GE Healthcare, 
Piscataway, NJ, USA) in Poly-Prep chromatography gravity columns 
(Bio-Rad, Hercules, CA, USA). After washing successively with lysis 
buffer containing different concentrations of imidazole (20 and 
60 mM), the target protein was eluted with lysis buffer containing 
300 mM imidazole, then further purified by ion-exchange using 
a HiTrap Q Sepharose FF column (GE Healthcare), eluting with 
a linear gradient of Tris buffer (pH 8.0) containing 1 M NaCl, and 
size-exclusion using a Superdex200 column (GE Healthcare) with 
buffer containing 20 mM Tris pH 7.5, 100 mM NaCl. Proteins in 
the peak at ~ 14 ml were collected and concentrated, quantitated 
using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, 
USA), and then stored at —80°C until required. 


Computational structure prediction 


The EccB1 transmembrane segment was predicted using the tied 
mixture hidden Markov model (Tmhmm), v2.0 (26). Constructs 
were generated, in part guided by the Psi-blast based secondary 
structure prediction (Psipred) protein analysis server (27). 


Subcellular localization 


MTB H37Rv cells harvested at midlogarithmic phase and washed 
3 times in cold PBS were disrupted by bead beating using 0.1 mm 
silica spheres (MP Fastprep-24) in lysis buffer (PBS buffer con- 
taining 250 mM sucrose, 1 mM EDTA, and Protease Inhibitor 
Cocktail (Roche, Basel, Switzerland). Unbroken cells were re- 
moved by centrifugation and supernatants were filtered by pass- 
ing through a 0.22 um membrane 3 times. The cell wall fraction 
was separated by ultracentrifugation for 1 h at 27,000 g and 
washed twice in PBS—250 mM sucrose. Supernatants were divided 
into cell membrane and cytosolic fractions by ultracentrifugation 
for 4 h at 100,000 g. Pellets were processed in the same way as 
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described above, and protein concentration was measured and 
aliquots were stored at — 80°C. Cleared lysates were resolved into 
cell wall fractions, cytoplasmic fractions, and membrane fractions 
according to a previously reported method (28, 29). 


Protease susceptibility of EccB1 


Whole MTB H37Rv cells were treated with proteinase K according 
to a previously published method (28, 30), with the following mod- 
ifications. Freshly prepared proteinase K (10 mg/ml) was added 
to whole cells from a 200 ml culture to final concentrations of 100, 
200, and 400 ug/ml, which were then incubated on ice for 45 min. 
Reactions were quenched by addition of protease inhibitor PMSF 
to a final concentration of 2 mM. After incubation on ice for 5 min 
and addition of 6X SDS loading buffer, samples were heated at 80°C 
for 30 min then analyzed by SDS-PAGE and Western blotting. 


Antibody production and Western blotting 


EccB] antiserum was obtained by immunizing rabbits with puri- 
fied recombinant EccB1-AN72. Samples were subjected to 12% 
SDS-PAGE before transferring to a nitrocellulose membrane. 
The nitrocellulose membrane was blocked in 1X phosphate 
buffered saline with Tween 20 with 5% (w/v) nonfat milk for 1 h 
at room temperature and then incubated overnight at 4°C with 
a 1:1000 dilution of EccB1 antiserum or 1:500 dilution of GroEL2 
antibody. After washing the membrane 3 times with phosphate 
buffered saline with Tween 20, bound primary antibody was 
detected by incubating with a secondary horseradish peroxidase- 
linked anti-rabbit IgG (1:5000, GE Healthcare) and chemilumi- 
nescent substrate (enhanced chemiluminescence -plus substrate, 
GE Healthcare) according to the manufacturer’s instructions. 


ATPase activity assays 


Purified EccB1 (a gift from D.-C. W.), EccB1-AN72, homologues 
and mutants were incubated in 30 wl of ATPase buffer (25 mM Tris 
pH 7.5, 100 mM NaCl, 5 mM MgClo), unless otherwise indicated. 
Each reaction mixture contained 5 pl (y-[°?P]) ATP (Perkin 
Elmer, Waltham, MA, USA) diluted 1000 times with 100 uM ATP. 
Reactions were incubated at 37°C for 30 min then stopped by 
addition of 40 wl buffer containing 0.5 M H»SO,, and 1.5 mM 
NaHePOx,. 10 u1 200 mM NasMoO, and 100 ul butanol saturated 
with water were then added and vortexed for 1 min. The mixture 
was separated by centrifugation at 12,000 rpm for 2 min, and 50 wl 
of the organic phase (containing vp) was added to 2 ml liquid 
scintillation liquid 440 and vortexed. The amount of radioactivity 
present in the mixture was determined by liquid scintillation 
counting (31, 32). All experiments were performed in triplicate. 


Differential scanning fluorometry 


Differential scanning fluorometry was performed according to 
a previously published method (33). The reaction mixture con- 
tained 0.2 mg/ml proteins, Syrpro Orange (S6650; Invitrogen, 
Carlsbad, CA, USA ) diluted X500, and small molecule substrates 
ADP, ATP, and ATP-y-S (Sigma-Aldrich, St. Louis, MO, USA) ata 
final concentration of 2 mM in buffer containing 20 mM Tris-HCl 
pH 7.5 and 100 mM NaCl. Assays (25 pl assay volume) were 
performed in an RT-PCR system (Bio-Rad CFX96, Bio-Rad, 
Hercules, CA, USA) (excitation, 488 nm; emission, 620 nm). 


Crystallization and structure determination 
Native protein crystals were grown at 16°C using the hanging 


drop vapor diffusion method; 2 wl drops contained 4 mg/ml 
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EccB1-AN72 and reservoir solution (20 mM Tris pH 7.5, 100 mM 
magnesium formate, and 15% [w/v] polyethylene glycol 3350) in 
a 1:1 ratio. SeMet-EccB1-AN72 proteins were purified and crys- 
tallized in the same way as native proteins, except for the addition 
of 1 mM DTT (34) during the protein purification process. All 
crystals were harvested and soaked in a cryoprotectant solution 
consisting of the crystallization condition supplemented with 
10% (v/v) glycerol for several seconds, and then flash-cooled in 
liquid nitrogen. Diffraction data sets were collected on beam line 
BL17U at the Shanghai Synchrotron Radiation Facility. All data 
sets were processed using Mosflm. The initial phases were calcu- 
lated using the PHENIX package (35). Residues in 1 asymmetric 
unit were automatically built using the Autobuild program and 
the initial model was traced manually using the Coot program 
(36). Structure refinementwas performed with Phenix refine and 
the stereochemical quality of the refined structures was verified 
with Procheck (37). All structural representations were prepared 
with PyMol (DeLano Scientific, Palo Alto, CA, USA). 


BS? crosslinking 


Purified EccB1 (a gift from D.-C.W.) was incubated in 20 ul PBS 
buffer (137 mM NaCl, 27 mM KCl, 10.1 mM NaHPO,, and 
1.8 mM KHoPO,, pH 7.4). Each reaction mixture contained 8 yM 
EccBl and BS? at different concentrations [0 (control), 0.375, 
1.25, and 3.75 mM]. Reactions were incubated at 22°C for 30 min 
before adding 1 pl 1 M Tris, pH 7.5 and incubating at room 
temperature for 15 min to quench the reaction. The migration of 
protein bands was examined on 8% SDS-PAGE gels. 


Dynamic light scattering 


The hydrodynamic diameter of EccB1-AN72 was measured at 
25°C using dynamic light scattering (Nanostar; Malvern Instru- 
ments, Malvern, United Kingdom). A 2.0 mg/ml solution of 
EccB1-AN72 in 20 mM Tris, pH = 7.5, 100 mM NaCl, with or 
without the addition of 0.5 mM ATP was used. An average of 
10 successive measurements was made at l-min intervals. 


Accession codes 


PDB coordinates and structure factors from the 2 structures were 
deposited in the Protein Data Bank archive with accession codes 
3X3M and 3X3N. 


Modeling of EccB1 


Modeling of the EccBl hexamer was performed using the 
SymmDock web server (38). The 20 EccB] hexamer models with 
the highest geometric shape complementarity scores were gen- 
erated, and the 5 models with the largest complex approxi- 
mate interface area and atomic contact energy were chosen. All 
5 models had the same hexamer oligomerization state, but 
showed subtle differences in the complex interface. The model 
with the highest score was thus chosen as the model of EccB1. 
An ATP molecule was docked into the EccB1 structure using 
PatchDock (39). The 20 ATP-docked EccB1 models with the 
highest geometric shape complementarity scores were generated. 
These models showed some differences in the binding surface for 
ATP, and 3 of the models suggested that ATP binds close to 
conserved motifs 1 and 2 but had very slight differences in the ATP 
contact residues. We thus chose the model with the highest score 
to represent the ATP-binding model. After both the EccB1 hex- 
amer and the EccB1-ATP complex were modeled, a total of 6 ATP 
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molecules were modeled into the EccB] hexamer manually to 
create an ATP-bound EccB1 hexamer. 


RESULTS 
EccB1 localizes to the mycobacterial cell envelope 


EccB1, encoded by gene Rv3869, is essential for ESX-1- 
dependent secretion and has been predicted to reside in the 
periplasmic space (24). Recently, Houben et al. reported 
that EccB5, the M. marinum homologue of EccB1, along 
with EccC5, EccD5, and EccE5 form a membrane complex 
in the cell envelope of M. marinum, suggesting that these 
components may form a translocation channel in the my- 
cobacterial cell envelope (13). To provide experimental 
evidence of the subcellular location of EccB1 in MTB, we 
fractionated MTB H37Rv cells into the cell cytoplasm, cell 
membrane, and cell wall fractions, and then verified the 
location of EccB] in these fractions using Western blotting 
with a set of specific antibodies (anti-GroEL2, and anti- 
EccB1-AN72). EccB1 mainly localized to the cell envelope 
fraction, consisting of both the IM and the mycolic-acid 
containing cell wall (Fig. 1A), consistent with the prediction 
that EccB1 is a periplasmic protein with an N-terminal 
transmembrane region. We also investigated the suscepti- 
bility of native EccB1 to proteases to confirm its location. 
Protease treatment of whole cells with 200 or 400 ug/ml 
proteinase K led to an obvious reduction in the quantity of 
EccBl, while no detectable reduction was found in the 
GroEL2 control (Fig. 1B). As EccB1 is not intrinsically re- 
sistant to protease K, this result implies that EccB1 resides 
predominantly outside the IM of the cell, in agreement with 
results from the cell fractionation experiment. Taken to- 
gether, these findings indicate that EccB1 resides at the cell 
envelope of MTB. 


EccB1 is an Mg**-dependent ATPase 


As EccB3,a homologue of EccB1, is predicted to contain an 
ATP binding motif in its C-terminal, we investigated the 
ability of EccB1 to hydrolyze ATP using a radioactive assay 
with (y-[°°P]) ATP as the substrate. The kinetic parameters 
Km» Vmax» and keat for ATP, calculated according to the 
Michaelis-Menten equation (Fig. 2A), demonstrate that 
EccB1 is indeed an intrinsic ATPase, its kinetic parameters 
(Km: 94.94 + 9.3 uM; Vmax: 2-27 + 0.082 p~M/min; keat: 
0.76 + 0.012 min” '; and ear/ Km: 0.48 uM™* s7!) being in 
the same order of magnitude as values reported for EccA 
(Rv3868) (40). As we were unable to obtain sufficient 
quantities of full-length EccB1 to perform additional bio- 
chemical studies, we designed an N-terminal-truncated 
EccB1 construct (EccB1-AN72, residues G72-P480) based 
on analysis of the transmembrane region using protein 
analysis server Tmhmm v2.0 (26) and secondary structural 
stability using Psipred (27) in order to further characterize 
the ATPase activity of EccB1. Although the ATPase activity 
of EccB1-AN72 was significantly lower than that of full- 
length EccB1, its activity was still evident (Km: 9.87 + 1.64 uM; 
Vmax: 0.09 + 0.004 pM/min, kea: 0.011 + 0.0002 min! 
and keat/ Km: 0.067 uM! s7!) (Fig. 2B). We next in- 
vestigated the effect of Ca®* and Mg” ions on its ATPase 
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Figure 1. EccB1 localizes to the mycobacterial cell envelope. A) 
Immunoblot of different cell fractions: cell cytoplasm (CC), cell 
membrane (CM), and cell wall (CW) fractions, total protein (T), 
and EccBl-AN72 recombinant protein (P), using antibodies 
against EccB1-AN72 or GroEL2 (a cytoplasmic protein). B) 
Protease susceptibility of EccB1 at different concentrations of 
protease K. Whole cells were digested at protease concentrations 
of 0, 200, and 400 ug/ml. Immunoblotting was performed using 
antibodies against EccB1-AN72 and GroEL2. 


activity. Addition of 5mM EDTA abolished ATPase activity, 
but ATPase activity in the presence of 5 mM Mg” was not 
significantly different from the native EccB1-AN72 control, 
and addition of 5 mM Ca** reduced ATPase activity relative 
to the control (Fig. 2C). These results were independently 
corroborated by differential scanning fluorometry in 
the presence of Ca®* and Mg” ions, EDTA, AMP, ADP, 
ATP, and its analog ATP-y-S. The addition of ATP, Mg** 
ions, or a combination of both, led to an upward shift in 
the melting temperature of EccB1-AN72, but there was no 
change in the melting temperature on addition of EDTA, 
suggesting that the binding of ATP, or Mg”* ions improved 
the stability of EccB1-AN72. Addition of other compo- 
nents did not result in significant conformational tran- 
sitions (Supplemental Fig. 1). Taken together, these results 
indicate that Mg** ions are necessary for the ATPase activity 
of EccB1-AN72, and that EccB1-AN72 binds ATP but not 
the other molecules in the presence of Mg”. 


ATPase activity is a common characteristic of EccB1 
and its homologues 


To determine whether ATPase activity is a feature of EccB1 
homologues, we examined ATPase activity in EccBl 
homologues from MTB and M. smegmatis. We cloned, 
expressed, and purified the periplasmic regions of MsEccB1 
(MsEccB1-AN72 NT, encoded by MSMEG_0060, resi- 
dues 72-479) and MtEccB5 (MtEccB5-AN80, encoded by 
Rv1782, residues 80-506) and compared their ATPase 
activity with that of EccB1-AN72. MtEccB5-AN80 showed 
about 50% of the ATPase activity of EccB1-AN72, and 
a C-terminal 6xHis-tagged MsEccB1-AN72 CT had about 
5 times the ATPase activity of EccB1-AN72. By contrast, 
an N-terminal 6xHis-tagged MsEccB1-AN72 NT lost its 
activity (Fig. 3). We conclude that ATPase activity is 
acommon characteristic of these EccB1 homologues and 
likely involves the N-terminal, and we hypothesize that 


4807 


2.09 Km=94.94 uM 


Vmax=2.27 uM/min 


Km=9.87 uM 
Vmax=0.09 uM/min z 


0.06 


Vo (uM/min) 
Vo (uM/min) 


0.5 


1500 


1000 


Pi (cpm)(108) 


500 


Figure 2. EccB1 is an Mg” dependent ATPase. A, B) The kinetic parameters, Km (Michaelis constant) and Vmax of EccB1 (A) and 
EccB1-AN72 (B) for ATP were measured by changing the concentrations of ATP at fixed concentrations of EccB1/EccB1-AN72. 
Kinetic parameters were calculated by fitting the data to the Michaelis-Menten equation. The insert shows a Lineweaver-Burk plot 
of Km and Vmax. C) Effect of Mg”, Cat, and EDTA on ATPase activity. ATPase activity of EccB1 was measured in the presence 
and absence (control) of 5mM Mg”, Ca", and EDTA. Addition of Ca** led to a 50% decrease in ATPase activity and addition of 
EDTA abrogated ATPase activity. Addition of Mg”* had no significant effect on ATPase activity. Results presented are from 
3 replicate experiments. 


this ATPase activity may play a key role in providing the and EccB1-AC463, corresponding to residues 72—448 and 
energy required for transport of virulence factors in the 72—463, respectively) increased ATPase activity. These 
type VII secretion system. results indicate that motif 1 is directly involved in ATPase 
activity and that the C-terminal of EccB1, including 
motif 3, also affects ATPase activity. As we were unable to 


Two conserved sequence motifs, located in the N- and obtain a truncation in which motif 2 was deleted, we 
C-terminals, and important residues are involved in were not able to determine whether motif 2 is involved 
ATPase activity in ATPase activity. However, the rich composition of 


proline and glycine residues in motif 2 leads us to sug- 
We next compared the sequences of EccB1 and its homo- gest that it might be involved in stabilizing local protein 
logues to identify any conserved sequence motifs that might confirmation. 
be involved in its ATPase activity. Sequence alignment We subsequently performed mutagenesis studies on 
identified 3 conserved motifs: residues 94-103 (motif 1, 2 conserved residues likely to be of significance in EccB1 
PX2NLXSARL), residues 125-134 (motif 2, GXshGIPGAP; activity. Residue Arg102 of conserved motif 1 is notable in 
h indicates hydrophobic residues) and residues thatitis the only charged residue in this motif. Mutation of 
429-463 [motif 3, LGLXs.7 (A/I) PWX-HXo (L/F) this residue to alanine significantly decreased the ATPase 
XoGPXLSXsAXhXeDXh] (Fig. 4). Motifs 1 and 2 are activity of EccB1-AN72, indicating thatit is likely involved in 
located at the N-terminal of the periplasmic regionand ATPase activity (Fig. 4C). Sequence analysis suggests that 
motif 3 at the C-terminal. To verify the effect of con- residues Cys150 and Cys345 may form a disulfide bond. 
served motifs on ATPase activity, we examined the Mutation of residue Cys150 to serine likely destroys this, the 
ATPase activity of 3 truncations (Fig. 4B). Deletion of only disulfide bond within EccB1, and thus the overall 
motif 1 (EccB1-AN106, residues 106-480) totally abol- folding of the protein. Mutant C150S lost most of its 
ished ATPase activity and deletion of differentnumbers ATPase activity (Fig. 4C), confirming that a stable structure 
of residues of the C-terminal of EccB1 (EccB1-AC448 is important for ATPase activity. 
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Relative enzyme activity 
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Figure 3. ATPase activity is a common characteristic of EccB1 
and its homologues. Recombinant proteins EccB1-AN72, 
MtEccB5-AN80 (encoded by Rv1782), and MsEccB1-AN72 
NT (encoded by MSMEG_0060) with N-terminal His tags and 
MsEccB1-AN72 CT with a C-terminal His tag were incubated 
with (y-[°2P]) ATP at 37°C. The hydrolytic activity of EccB1- 
AN72 was considered as 100%. MtEccB5-AN80 showed ~50% 
activity relative to EccB1-AN72, and MsEccB1-AN72 CT showed 
nearly 3 times the activity of EccB1-AN72. By contrast, MsEccB1- 
AN72 NT lost most of its ATP hydrolytic activity. 


The N- and C-terminals are located in close proximity 
within the crystal structure 


To further investigate the catalytic sites involved in EccB1’s 
ATPase activity, we determined the crystal structure of the 
periplasmic region of EccB1, EccB1-AN72, at 1.9 A reso- 
lution. Crystallographic parameters are summarized in 
Table 1. Initial phases were derived from a single wave- 
length anomalous dispersion experiment using a SeMet- 
substituted protein. The model comprises 393 residues, 
including EccB1 residues Gly72 to Ala465 and 3 residues 
from the vector. One asymmetric unit contains a single 
protein molecule. Fifteen residues are missing at the 
C-terminal of the model due to the flexibility of the protein 
sequence making interpretation impossible. The overall 
structure of EccB] comprises 5 domains, referred to as 
domains Al (residues 72-135), B1 (one half of domain B, 
residues 143-180), C1 (residues 181-242), A2 (residues 
265-323), B2 (the other half of domain B, residues 
342-390), and C2 (residues 391-451) (Fig. 5). These 
domains are arranged in an “S”like line in the order A1-C2- 
B1-B2-C1-A2 from membrane-proximal to membrane- 
distal. Domains Al, C1, A2, and C2 fold in the same 
a/B/a sandwich fold and have a common core consisting 
of a 3-stranded B-sheet sandwiched between 2 a-helices. 
The domains vary in the presence or absence or additional 
B-strands that are connected with the a-helices, giving 
a secondary structure arrangement of B-B-B-a-8/loop- 
a-B/loop. Subdomains B1 and B2 both fold into similar 
3 B-stranded motifs, and are connected via a disulfide bond 
between residues Cys150 and Cys345 to form an intact 
6-stranded B-sheet with a pseudo 2-folded symmetric axis. 
The sequences and structures of domains Al, B1, and Cl 
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are similar to those of domains A2, B2, and C2, giving the 
overall structure of EccB1 a pseudo-2-folded axis of sym- 
metry via the pseudo-2-folded symmetric axis observed in 
domain B. The 3 conserved motifs involved in the ATPase 
activity are located at the interface of membrane-proximal 
domains Al and C2 and are in close proximity. The struc- 
ture suggests that destruction of the only disulfide bond in 
EccB1 (Cys150-Cys345) may destroy the overall folding of 
the protein by disrupting the overall integrity of the B 
domain, in turn leading to the disruption of the interface 
of domains Al and C2. This may explain why mutation of 
Cys150 to Ser leads to the loss of most of the ATPase 
activity of EccB1-AN72 (Fig. 4C). 


ATP-binding pockets are formed by the N- and 
C- terminal conserved motifs from adjacent EccB1 
molecules within a proposed hexamer arrangement 


Size-exclusion chromatography and BS? crosslinking re- 
sults confirmed that EccB1 may form an oligomer (Sup- 
plemental Fig. 3). Dynamic light scattering also indicated 
that EccB1-AN72 likely forms an oligomer on addition of 
ATP (Supplemental Fig. 3). As most ATPases identified in 
other secretion systems function as hexamers and the 
EccBCDE complex identified in M. marinum contains 
6 copies of EccB (18), we hypothesized that EccB1 forms 
a hexamer to fulfill its biologic function in the T7SS. We 
thus modeled a 6-fold rotational symmetric EccB1 oligomer 
using the SymmDock Web server and then docked the ATP 
molecule into the EccB1] hexamer according to the method 
described above. The hexamer of EccB1 has the appear- 
ance of an hourglass shaped channel with 2 large pores, 
1 formed by domain A2 close to the mycolic membrane and 
the other by domain Al close to the IM, and 1 small pore 
formed by domain C2 in the middle (Fig. 6A). The di- 
ameter of the small pore is about 20 A and is comparable in 
diameter to the ESXA/B heterodimer (~22 A) and DNA 
duplexes (~20 A), 2 potential substrates of T7SS. In this 
model, the ATP molecule resides at the interface of 2 sub- 
units, at the same vertical latitude as the small pore. The 
ATP molecule is surrounded by motif 3A (LGLX;.7 [A/T] 
PW) and motif 1 from 1 EccBl protomer and motif 3B 
(X2HXo [L/F] XoGPXLSX3AXhX»yDXh) from an adjacent 
protomer. These 2 conserved sequence motifs together 
thus comprise the ATP binding pocket (Fig. 6B). This ob- 
servation supports our proposal that EccB1 forms a hex- 
amer. We further propose that T7SS substrates may be 
secreted outside of the mycolic membrane from the peri- 
plasm via EccB1 or its homologous hexamers. 


DISCUSSION 


The biochemical and structural characteristics of EccB1, 
a core component of the ESX-1 system that is essential for 
its secretion of virulence factors, are largely unknown (6). 
Here, we demonstrate that EccB] is an ATPase located in 
the periplasmic space of MTB. We solved the structure of 
the periplasmic region of EccB1, and these data, together 
with that from ATP docking studies with an EccB1 hex- 
amer oligomer model and ATPase activity analysis of EccB1 
mutants, suggest that periplasmic hexameric ATPase EccB1 
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Figure 4. Conserved sequence motifs, located in both the N- and C- terminals of EccB1, are involved in its ATPase activity. A) 
Comparison of the amino acid sequence of MtEccB1 with MtEccB5, MsEccB1, MsEccB4, MmEccB1, and MbEccB1. M. tuberculosis 
(Mt), M. smegmatis (Ms), M. marinum (Mm), and M. bovis (Mb) revealed 3 conserved motifs. Motif 1 (resides 94-103), motif 2 
(resides 125-134), and motif 3 (resides 429-463) are indicated by magenta, green, and blue boxes, respectively, and the 
conserved residue Arg 102 by a magenta triangle. Motifs 1 and 2 are localized at the N-terminal of EccB, and motif 3 at the 
C-terminal. B) ATPase activity of different truncations and mutants of EccB1. The ATPase activity of 3 EccB1-AN72 truncations 
designed based on sequence analysis, EccB1-AN106 (deletion of motif 1), EccB1-AC448 (deletion of residues 449-480 of motif 3) 
and EccB1-AC463 (deletion of residues 463-480) was detected. The ATPase activity of EccB1-AN72 was considered as 100%. 
EccB1-AN106 had almost no activity, while the activity of EccB1-AC448 and EccB1-AC463 increased by 2 and 6 times, respec- 
tively. (C) The ATPase activity of EccB1-AN72 mutants Arg102 to Ala (R102A) and Cys150 to Ser (C150S) decreased relative to 
EccB1-AN72, retaining 40 and 20% activity, respectively. Results presented are the means of 3 replicate experiments. 


forms a substrate transport channel and that the mech- 
anism of transport across the complex mycomembrane 
may be powered by ATP hydrolysis. 

Houben ¢ al. recently reported that EccB5, an EccBl 
homologue, is located in the cell envelope of M. marinum, 
where it forms a large membrane complex along with 
EccC5, EccD5, and EccE5 (18). The mycobacterial cell 
envelope is highly complex and is composed of the plasma 
membrane, the cell wall, which is comprised of peptido- 
glycan, arabinogalactan, the mycomembrane, which is 
mainly comprised of long chain (C60-—C90) mycolic fatty 
acids, and an outermost layer known as the capsule (41, 
42). In line with Houben et al, results here show that EccB1 
is present in both the plasma membrane and cell wall 
fractions of MTB (Fig. 1A) and further indicate that EccB1 
resides outside the plasma membrane (Fig. 1B), indicating 
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that it is a periplasmic protein. Generally speaking, secre- 
tion system proteins located in the periplasmic space are 
involved in the formation of transport channels across the 
outer membrane, or packaging substrates. For this reason, 
we hypothesized that EccB1, like its EccB5 homologue, 
may be involved in the formation of a channel spanning 
both the plasma membrane and mycomembrane. 

The T7SS possesses a powerful army of energy-producing 
molecules, including at least 2 known ATPases: EccA and 
EccC (12). EccB proteins have not previously been shown 
to have ATPase activity. EccB1 has low sequence homol- 
ogy with known ATPases, and lacks the Walker A motif, 
also referred to as a phosphate-binding (P) loop (GX4GK 
[T/S]), present in most ATPases (Supplemental Fig. 2). 
Our study demonstrates that the ATP binding motif 
of EccB1 is different from those previously reported. 
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TABLE 1. Crystallographic statistics 


Crystals EccB1-AN72 SeMet-EccB1-AN72 
Data collection 
Space group P212121 P21 


Cell dimensions 


a, b, c (A) 31.63, 108.73, 114.53 31.84, 122.65, 60.42 

a, B, y (deg) 90, 90, 90 90, 101.27, 90 
Wavelength (A) 1.5418 0.9789 
Resolution (A) 36.02-1.90 (2.00-1.90) 33.65-2.00 (2.11-2.00) 
Rnerge” (%) 5.6 (22.7) 10.1 (46.9) 
(I/o (I)) 9.9 (5.4) 12.3 (4.5) 
Completeness (%) 97.0 (84.1) 98.4 (98.3) 
Redundancy 6.1 (4.1) 9.1 (8.9) 
Wilson plot B 18.5 33.1 

Refinement 

Reflections (n) 31,051 30,094 
Ryork/ Rreet (%) 18.4 (22.5) 20.9 (24.0) 
R.m.s.d. g 

Bond lengths (A) 0.004 0.006 

Bond angles (deg) 0.936 1.051 
Non-H atoms (n) 

Total 3450 2979 

Protein 2960 2851 

Ligand/ion 2 2 

Water F 488 126 
Average B factors (A?) 

Total 24.5 58 

Protein 22.9 58.3 

Ligand/ion 31.5 67.5 

Water 33.6 51.3 
Ramachandran plot, residues (%) 

Favored 98.48 95.79 

Allowed 1.01 3.16 

Outliers 0.51 1.05 


Values in parentheses are for the highest resolution shell. “Rmerge = Akl Da,(hkl) — ( Khk) Xl / Xhkl 
Dil(hkl), where (hkl) is the intensity of the ih measurement of reflection hkl. Xi is the sum over the 
individual measurements of a reflection, and È hkl is the sum over all reflections. R.m.s.d., root-mean-square 


deviation; (I/o (I)), intensity over intensity of o. 


Sequence analysis indicated that there are 3 conserved 
motifs in the EccB1 sequence (Supplemental Fig. 2). 
ATPase activity determination of the truncation EccB1- 
AN106 indicated that the Walker A motif is likely func- 
tionally substituted by motif 1 which, like the Walker A motif, 
contains a conserved Arg102 residue (Fig. 4). Different 
from members of the secretion ATPase superfamily, such 
as VirB11, VirD4, and VirB4 of the T4SS in Agrobacterium 
tumefaciens, in which N-terminal and C-terminal domains 
are clearly separated (43), EccB1 is comprised of 5 do- 
mains in the arrangement Al-B1-Cl-A2-B2-C2, which 
interweave and fold back on themselves to form a novel 
3-D structure in which the domains are arranged in the 
order Al-C2-Bl1 and B2-Cl1-A2 along a pseudo-2-folded 
symmetric axis (Fig. 5). Size-exclusion chromatogra- 
phy and BS? crosslinking results showed that EccB1 may 
form an oligomer (Supplemental Fig. 3) and modeling of 
EccB1 to further investigate the features of its ATPase 
activity indicated that a hexamer arrangement gave the 
highest geometric shape complementarity scores. This is 
in line with the fact that many members of the secretion 
ATPase family exist as hexamers (43, 44). NanoLC-MS/ 
MS analysis of the large T7SS membrane bound com- 
plex, EccBCDE, reported by Houben et al. and discussed 
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above, also showed that it contains 6 copies of EccB (18). 
ATP docking showed that the ATP binding pocket is 
located at the interface between 2 adjacent molecules 
(between motif 3A and motif 1 from the same molecule 
and motif 3B from an adjacent molecule). This was 
further confirmed by ATPase activity determination of 
EccB1 truncations (Fig. 4B). Dynamic light scattering 
results also indicated the formation of an oligomeric 
form of EccB1-AN72 on addition of ATP (Supplemental 
Fig. 3). The diameter of the small pore of the EccBl 
hourglass shaped hexamer is about 20 A, similar to the 
central channel of the EccC homologue T4SS TrwB 
spherical hexamer (22 A), which transports DNA or pro- 
teins across the IM (45). We thus conclude that the EccB 
hexamer may act as part of a transport channel to de- 
liver substrates and that its transport mechanism may be 
powered by ATP hydrolysis. 

Most ATPases of the secretion ATPase superfamily drive 
substrates across the IM by ATP dephosphorylation, con- 
verting chemical energy into biologic activity, and have all 
of their ATPase domains in the cytoplasm. EccB1’s location 
in the periplasmic space suggests that it possibly functions 
as a motor that powers substrates across the mycomem- 
brane of MTB. We predict that EccB needs the help of 


4811 


Figure 5. The N- and C terminals are lo- 
cated in close proximity within the crystal 
structure of MTB EccB1-AN72. A) EccB1 is 
a membrane-bound protein with a predicted 
N-terminal transmembrane helix (gray cyl- 
inder) spanning the IM. The structure of 
EccB1-AN72 is composed of 6 domains, 
A1-C2-B1-B2-C1-A2, listed from the mem- 
brane proximal N-terminal. Topological 
structure of EccB1-AN72. The similarity of 
the protein sequence of the Al-B1-Cl and 
A2-B2-C2 regions leads to folding along 
the axis shown into a 2-folded rotation sym- 
metrical structure, bringing the N-terminal 
and C-terminal into close proximity. B) Crys- 
tal structure of EccB1-AN72 displayed as a 
cartoon. Domains Al, B1, and C1 are shown 
in green and other domains are shown in 
yellow. The 3 conserved motifs are shown 
in magenta (motif 1), blue (motif 2), and 
red (motif 3). IM, inner membrane; MM, 
mycomembrane. 


other proteins to transport substrates across the myco- 
membrane as we did not detect direct interactions between 
EccB1 and the ESXA/B complex in either ITC or SPR 
experiments, and such interactions have not previously 
been reported. Houben et al. have proposed 2 different 
models for the T7SS transport mechanism based on the 
composition of the EccBCDE membrane complex (18). 
Their 2-step model presumes that the EccBCDE mem- 
brane complex is located entirely within the IM and simply 
transports substrates from the cytoplasm across the IM. 
Another transport channel is required to complete trans- 
port from the periplasmic space across the mycomem- 
brane. In their I-step model, however, EccE acts a bridge 
between the channel formed by the EccBCD complex and 
asecond channel in the mycomembrane, facilitating 1-step 
transport. Our study provides support for the 1-step model: 
proteinase K digestion suggests that the soluble segment of 
EccB1 protrudes into the periplasmic space of MTB. In 
addition, the EccB1-AN72 structure is ~10 nM too short to 
span both the mycobacterial plasma membrane and myco- 
membrane (~20 nM) (41). EccB1 thus requires other 
components to form a transport channel across the myco- 
membrane, but can likely act as a bridge between these 
2 membranes. 

EccB is present in all 5 ESAT-6 gene clusters and is cru- 
cial for ESAT-6/CFP-10 secretion (6, 23). Although, as 
shown in this study, some EccBl homologues also have 
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ATPase activity, we still lack direct experimental evidence 
that this ATPase activity is related to substrate secretion. 
Verifying the involvement of ATPase activity in substrate 
transport will require experiments showing that EccBl 
deletion can be complemented by different EccB1 trun- 
cations and EccB1 mutants in which key residues are mu- 
tated. Furthermore, it will be important to determine the 
structure and biochemical characteristics of EccBl in 
complex with the proteins it interacts with in the formation 
of the transport channel. 

In summary, we have shown that EccB is a periplasmic 
ATPase and have identified a putative ATP binding pocket 
via oligomer modeling, ATP docking, and mutagenesis 
experiments. We propose that EccB1 exists as a hexamer 
and is involved in transporting substrates from the peri- 
plasm to the outside of the cell via hydrolyzing ATP. Our 
work provides the first biochemical and structural data on 
an individual core component of the T7SS membrane 
complex and increases our understanding of T7SS archi- 
tecture. Virulence factor secretion systems are considered 
to be potential drug targets. As such, our characterization, 
molecular modeling, and mutational analysis of EccB1 may 
set the stage for the identification of novel inhibitors that 
can disrupt the export of critical tuberculosis virulence 
factors (10). The subcellular location of EccB1 in the 
periplasmic space may facilitate drug delivery, making it an 
attractive target. 
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